In the Netherlands, operations started in 2006 to bring the majority of platforms for trains and buses to the standard heights of 76 cm and 18 cm, respectively.
The standards used in public transport are conventional in the sense that European experts have agreed that a gap of 5 cm × 5 cm is a maximum preferable gap for wheelchair users, and that one of 10 cm × 10 cm is certainly not. A figure expressing this convention can be found in the ambitious COST 335 report on accessible trains (see Figure 1 ) (1) . It has been copied in the Dutch national manuals produced by the CROW Institute, the Netherlands' technology platform for transport, infrastructure, and public space (2) . These manuals adapted the COST 335 qualifications and added the recommendation that a gap of 2 cm × 2 cm is ideal. It is by no means clear, however, what the respective minimum and maximum dimensions imply for the numbers of the disabled that can be accommodated.
The United States' Americans with Disabilities Act (ADA) demands "that the horizontal gap between a car at rest and the platform shall be no greater than 3 inches and the height of the car floor shall be within plus or minus 5 ⁄8 inch of the platform height" (7.6 cm and 1.5 cm, respectively). This holds only for rail systems, most likely because this standard is thought to be unfeasible for bus systems. (See ADA paragraphs 38.73, 38.93, and 38.113 for different rail systems, and ADA Accessibility Guidelines section 10.3.) Road-based buses are required to have a "level change mechanism or boarding device"; rail vehicles that cannot comply with the previous standard are also required to have such a mechanism. These standards are probably oriented to wheelchair users.
But what about the diversity of wheeled mobility aids used? There are four types of vehicles that may be carried by public transport: rollators, hand wheelchairs, electric wheelchairs, and scooters (see Figure 2 ). Within these categories there are considerable differences in the measures and weights of the vehicles and in the riding abilities of the users. Relatively small free-turning front or back wheels are a common source of problems for users in bridging gaps.
The rollator is in fact a walking aid offering stability, a seat for resting, and a basket for shopping. It may overcome a gap with a positive vertical distance by being lifted at the handgrips and pulled backward across the gap. A self-propelled hand wheelchair can overcome gaps if the user lifts the small front wheels and accelerates. Neither an electric wheelchair with four small wheels nor an electric scooter-which often has three wheels-can balance on two wheels. These vehicles are therefore dependent on their speed, pulling power, and sufficient wheel diameter to overcome gaps.
The only empirical research comparing two of these vehicle types, the hand wheelchair and the electric wheelchair, is French (7). The
Assessing the Gap Between Public Transport Vehicles and Platforms as a Barrier for the Disabled

Use of Laboratory Experiments
Winnie Daamen, Enne de Boer, and Robert de Kloe
131
The gap between public transport vehicles and platforms is an important factor in the accessibility of public transport. Many of the efforts to increase accessibility are directed at minimizing this gap, both horizontally and vertically. There is a general idea of the widths and heights that are completely unacceptable (15 cm ؋ 15 cm being too much, for example), but there is much less of an idea of what type of gap is acceptable without aids such as lifts and ramps. It is essential to know how much can be achieved by narrowing the gap; that is, which types of disability and mobility aids will be accommodated, and how many disabled will benefit from a specific reduction of the gap. At the request of the Dutch National Office for Accessibility, the Delft University of Technology performed laboratory experiments to gain quantitative insights into this topic. For these experiments, a standard platform was built in a laboratory hall. A number of platforms representing public transport vehicles were placed along this pier. These were positioned at different combinations of horizontal and vertical distances. Persons with physical disabilities were invited to test the different gaps. In the analysis of the testing results, the relation between disability, mobility aid, and gap size was investigated. The results of the study revealed that the 2-cm ؋ 2-cm gap was hardly a problem, whereas the 10 cm ؋ 10 cm gap constituted a serious problem for more than half of the participants. Access for nearly all requires a gap size no larger than 5 cm ؋ 2 cm. Especially in bus transport, this is hardly feasible. Therefore, vehicles will need ramps as a standard provision.
The accessibility of public transport has improved considerably in recent decades. Low-floor trains, trams, and buses have been introduced in a range of countries, and platforms have been adapted to these vehicles.
It (8) .
A key question is how ambulant people deal with these types of gaps. They may have difficulty with steps and gaps because of deficiencies in perception, balance, and strength, for example. The publication Significant Steps reports on a laboratory experiment performed by the U.K. Department for Transport (9) . A group of 120 participants was invited to cross variable gaps. The group included nondisabled people, people with significant walking difficulties, people with visual impairments, and people with learning difficulties. Observations taken included failure to cross the respective gaps, time needed to cross, perception of effort, and perception of safety. Feeling "a little unsafe" and perceiving "exceptional effort" were regarded as negative scores. Gaps with a total distance (horizontal plus vertical) of more than 20 cm led to substantial negative results. The recommendation was to regard this as a preferable maximum (9) .
The Dutch National Office for Accessibility (LBT), a center of expertise of and for the disabled, was confronted with far-reaching demands from the disabled (2 cm × 2 cm as a standard) and with less ambitious, but perhaps more realistic, targets from the national and regional government. It approached the Delft University of Technology (TU Delft) with a proposal to do a laboratory experiment testing specific gaps with specific user categories (10) . It was hoped that this experiment would lead to national standards in the same way as earlier TU Delft experiments did regarding the incline of wheelchair ramps.
The laboratory experiment is described in the next section, including the testing site, the gaps chosen, the registration of the tests, and the participants. The four "wheeled mobility categories" described were represented in the same or even larger numbers than in the British and French experiments mentioned previously.
The results of the tests-that "even modest gaps are insurmountable for many people"-are presented next, giving results for both the gaps and the user categories in graphical form.
The implications for access policies are indicated in the concluding section. It is clear that neither trains nor buses can do without ramps but that the use of these can be reduced significantly by a combination of design and driver instruction.
Because the laboratory experiment was performed in Europe, it is possible that the mobility aids used by the participants differ from typical mobility aids used in North America. Also, the sample sizes for individual types of mobility aid were quite small (19 or fewer, except for self-propelled wheelchairs). For both of these reasons, the results of the experiment should be considered preliminary, particularly in a North American context.
LABORATORY EXPERIMENT TO ISOLATE THE GAP EFFECT FROM OTHER EFFECTS
The impact of different gap dimensions can be studied in actual transport situations. This method has several disadvantages, however, with regard to testing situations, testing persons, and observation In a laboratory situation, all of these factors can be controlled, and most important, the research variables may be isolated from other variables in order to collect pure information. In this Delft laboratory study, several experiments were conducted. The most important ones were related to bridging the gap between platform and public transport vehicle, where the gap size was varied in both horizontal and vertical direction. Additional experiments were directed at boarding and alighting from an existing vehicle (bus) and the use of the interior of an existing vehicle. These experiments had an explorative nature and indicated the need for additional research on vehicle interiors and their accessibility for the elderly and the disabled. This paper will focus on the experiments on bridging the gap.
Laboratory Testing Site
A testing site was constructed in the TU Delft Transport Laboratory. This site consisted of a pier (length 30 m, width 2.8 m, and height 38 cm), six wooden platforms representing vehicles with varying gaps to the pier, and two buses. The city of The Hague provided the materials needed to recreate a pier from its new Randstadrail (a light rail network) rail and bus stops. The wooden platforms were constructed solely for these experiments, and the buses came from public transport operators (a city bus from HTM and a regional bus from Connexxion). Overviews of the laboratory setup are shown in Figure 3 .
At one side of the pier, six wooden platforms were erected to form different combinations of horizontal and vertical gaps, shown in Table 1 .
The closest platform, with a gap of 2 cm × 2 cm, represents the standard for Dutch elevators. Anyone should be able to bridge this gap, making it ideal for public transport. The 5 cm × 2 cm gap is likely to be the most feasible one, coming close to the ADA demand for rapid rail and being acceptable according to British research (8) . The medium gap of 5 cm × 5 cm was indicated to be acceptable, and it was presented as a guideline for bus transport (2). The widest gap, 10 cm × 10 cm, represents the acknowledged maximum value. A gap of 12 cm × 3 cm was included (although indicated as an option to be avoided), as this distance represents the Randstadrail reality. City buses must stay at a horizontal distance of 12 cm from the curb to prevent damaging their doors, which open outward.
The laboratory setup can be compared to a survival track with gaps of increasing width. The pier serves as the central traffic area from which all the wooden platforms and buses can be reached. The participant boards each platform from the pier (boarding), answers some questions on how he or she experienced the gap, and then leaves the platform (alighting). In this way, the vertical gap is bridged in both the upward (boarding) and downward directions (alighting). Then, the next gap can be handled, until it becomes impossible for the participant to bridge the gap. For each participant, his or her personal characteristics as well as the characteristics of the wheeled mobility aids (e.g., cane, rollator, or scooter) are recorded to determine joint factors that may hinder boarding and alighting.
The wooden platforms were given wide entrances without handrails to study the impact of the gap without taking other factors into consideration.
Transportation Research Record 2072
At the other side of the central pier, two buses were positioned at the Randstadrail distance of 12 cm × 3 cm. There, boarding and alighting behavior was studied with real buses, as was the functioning of the bus interior. Each interior was subject to accessibility requirements that addressed not only boarding and alighting, but also comfort during the trip. Relevant aspects of the interior were the presence of special seats or locations, the difficulties-if anyof reaching these, the presence of aids to help a passenger get up or sit down (e.g., handrails), and the attainability of buttons used to request a stop, a door opening, or the possibility of getting and validating tickets.
Both buses were provided with manually operated ramps (with a hinge) at the back door. After boarding the bus, each participant went through the complete process of validating his or her ticket, moving to a seat, getting seated (and attached if necessary), requesting a stop, moving to the exit, and alighting. During the process, an observer took notes, not only on the performance of the participant, but also on his or her opinions about the bus interior. Although these experiments produced interesting results, they are not reported in this paper, with one exception. The ramp on one of the buses was so heavy that it was nearly impossible (and most certainly dangerous) to lift. Although there are standards for the weight a ramp should be able to carry, it should be noted that no standards exist for the weight of the ramp itself.
Registration of the Experiments
The participants, their mobility aids, their opinions, and their behavior in the laboratory were recorded in several ways. A standard questionnaire was used to assess the character and degree of disability and to record which mobility aids participants used. On each wooden platform, a student noted whether participants' attempts to board and alight succeeded and what their opinions were. This behavior was also recorded using video cameras situated directly above the pier. Using these cameras, the time needed for boarding and alighting was measured. Students were also present in the buses to record the actions of each participant and the participant's opinions. Behavior in the bus was also recorded using video cameras. This paper focuses on the success and failure rates of bridging the gaps. The video recordings and the participants' opinions served as valuable background information.
Participants
LBT invited disabled from all over the country, via associations and institutions for the disabled, to participate in the experiment. In addition, LBT sent invitations to nursing homes, rehabilitation centers, and special schools for children with physical or intellectual disabilities (or both) around Delft. A wheelchair touring car was available for individuals who needed this type of transport. One hundred sixty-five individuals accepted the invitation and took part in the experiment in November and December 2005. Table 2 shows the mobility aids used by the participants during the experiments. The experiment focused on people with so-called wheeled mobility aids, such as wheelchairs and scooters. These individuals made up 70% of the participants. Different types of wheelchairs have significantly different abilities to maneuver and bridge gaps. At one extreme is the electric wheelchair, with relatively small wheels and a limited Daamen, de Boer, and de Kloe 135 capacity to climb vertical obstacles. At the other extreme is the sport wheelchair, used by (younger) disabled with powerful upper bodies (especially arms). The latter individuals can, while balancing on the rear wheels of their wheelchairs, lift the front wheels usually more than 10 cm, and are thus able to overcome larger obstacles. For all wheelchairs, this strategy implies that the user must approach the obstacle perpendicularly.
The participants using white canes were visually impaired. These participants did not encounter specific problems while bridging the gaps. They did have particular difficulties while dealing with the bus interiors. However, that subject is not addressed in this paper.
The individuals in the study participated with remarkable enthusiasm and did not seem to display any signs of reserve in their efforts to cross the barriers. On the contrary, the participants seemed to want to show how much they could achieve. Thus, several people got stuck in gaps (with the small swiveling wheels of a wheelchair, see Figure 4 ), people cut capers (see Figure 4) , a wheel broke off, and the upsetting of vehicles could be prevented only with difficulty. In reality, without help being around, individuals' behaviors will likely be less risky. Moreover, research participants were largely those who can operate independently in an outside environment and do not represent the full range of potential public transport users. The outcomes of the laboratory experiment are therefore likely to have a positive bias: in real life, one may expect less. About 45% of the participants used public transport, some more often than others. These participants were used to the challenge of bridging a gap and gave helpful comments on the differences between the laboratory setup and reality.
EVEN MODEST GAPS APPEAR TO BE INSURMOUNTABLE FOR MANY SUBJECTS
The outcomes are presented in two ways: per gap and per mobility aid. This way, one can see which types of users are lost when the gap widens, and how losses in a single user type increase. The results for the largest of the four gaps are shown in Figure 5 . The figures show the following:
• The smallest gap, with the ideal measures of 2 cm × 2 cm, proves to be ideal indeed: none of the participants failed to cross it.
• The gap of 5 cm × 2 cm (e.g., like those occurring in metro stations) was a problem for only a single wheelchair user.
• The gap of 5 cm × 5 cm, qualified as acceptable for wheelchair users in several design manuals, proved to be a problem for about one-third of both hand wheelchair users and electric wheelchair users. This finding confirms the outcomes of the British research mentioned previously (8) . • The gap of 12 cm × 3 cm was an obstacle for about half of the electric wheelchairs and for smaller portions of the other aid categories, with the exception of scooters, which have relatively large nonswiveling wheels. Remarkably, cane users also had problems with this wide gap, whereas they were all able to overcome the 10-cm × 10-cm gap.
• The gap of 10 cm × 10 cm proved to be disastrous for all wheelchairs and scooters. Rollator users often could still manage-at least without a full shopping basket.
The results for all gaps are compared for subjects using rollators, hand wheelchairs, electric wheelchairs, and scooters ( Figure 6 ). Most of the rollator users were able to overcome all gaps. Gaps with larger height difference were handled by the users' lifting their rollator as a whole. Turning the rollator over is not an option, as it has been constructed to be leaned on and thus requires a very high stability. The problems for electric wheelchairs seemed to build up gradually, whereas problems for scooters were present only at gaps that were both wide and high. In those cases, the forward speed of the wheelchair is no longer sufficient to get the wheels with a diameter of about 20 cm across the gap. Some of the hand wheelchair users still manage because they can lift up the small front wheels of the wheelchair and develop sufficient speed for the large rear wheels to cross the gap (see Figure 4 ). This maneuver, however, does require the user to have a well-developed arm musculature. 
CONCLUSIONS AND RECOMMENDATIONS
This paper describes laboratory experiments aimed at assessing the size of gaps between public transport vehicles and platforms suitable for passing by the disabled. The research results following from the experiments can be summarized as follows:
• The gap of 5 cm × 5 cm, characterized as "acceptable," cannot be overcome by a sufficient proportion of the participants, especially those using hand wheelchairs and electric wheelchairs.
• The gap of 12 cm × 3 cm, characterized as the maximal achievable for buses with doors opening outward, is a problem for even more wheelchair users, despite the rather low height difference. About 50% of the electric wheelchair users drop out.
• The gap of 10 cm × 10 cm, characterized as "unacceptable," is indeed unacceptable, as most of the persons using wheeled mobility aids had insurmountable problems overcoming this gap.
• Because the gap of 10 cm × 10 cm causes many more problems than the gap of 12 cm × 3 cm (a larger horizontal gap and a smaller vertical gap), it can be concluded that the vertical height difference in particular causes problems for the disabled with wheeled mobility aids. This could not be concluded from the experiments reported by Silema Revalidatie Techniek and in Flores et al. as a consequence of there being a different setup (5, 7 ).
This research produced three conclusions that constitute problems for government access policies:
1. It is clear from this analysis that some of the smallest gaps hardly constitute a problem for the disabled. These gaps do constitute a problem for transport systems, however. Creating and maintaining Daamen, de Boer, and de Kloe 137 a gap of 2 cm × 2 cm is virtually impossible. A gap of 5 cm × 2 cm is feasible only in metro systems in which the distance between car and platform is fixed, and even then only on the straight part of a line. The Rotterdam Metro's newest station, Wilhelminaplein, was built on a curve-and even on an incline. 2. Even a modest gap of 5 cm × 5 cm is too large an obstacle for some of the disabled, especially for wheelchair users.
3. A wide horizontal gap of 12 cm × 3 cm can be bridged by any scooter user, however, which gives them better access to public transport than wheelchair users. Dutch and British bus policy, however, is to accommodate wheelchair users and to refuse scooter users because of the scooters' supposed large weight and poor maneuverability; a wheelchair site in the bus could hardly be reached by them.
RECOMMENDATIONS FOR ACCESS POLICIES
These rather unpleasant conclusions inspired a number of recommendations for access policies.
The first problem seems to be a sad one: most transport systems will not be able to comply with standards required to achieve access for all. The ADA legal standard for light rail and commuter rail systems cannot be achieved for buses. The question then is this: why should we try to reduce the gap?
It is clear that any reduction of the gap improves accessibility and increases the proportion of the disabled who are able to access the bus without the time-consuming use of a vehicle lift. Bus systems, while coming closest to people's homes, have serious difficulties in bringing the vehicles horizontally close to the platforms. There are feasible solutions to this problem, however, that are not too demanding for the driver (see Figure 7) . Bus stop lay-bys are promoted in Western Europe, but a parallel bus stop with a platform that protrudes into the road is preferable. With the support of guiding lining and a specially molded curb, the driver may come as close as 5 cm horizontally. This is shown on the Amsterdam Zuidtangent rapid bus system.
For the remaining users with access problems, a ramp is required, but given adequate vehicles and adequate platforms, it can be a modest device that is used infrequently.
The problem of scooters requires a formal solution. The scooters in this experiment were undoubtedly rather large and heavy vehicles. A large British study has shown, however, that there is a wide variety of scooters, which makes setting a standard for all scooters confusing. The study recommended simply allowing those scooters into public transport vehicles that comply with the standards used for electric wheelchairs [including size (i.e., height, length, and width), weight, stability, and minimum turning circle radius]. Of course, this recommendation should be communicated to transport operators. The report does not mention the necessity of informing users and buyers as well (12) .
